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Pathway Complexity of Alzheimer’s
-Amyloid A16-22 Peptide Assembly
drug design strategies targeting A oligomers are to be
developed, it is essential to obtain a detailed knowledge
of the structures and assembly dynamics of these
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CNRS UPR 2589 oligomers.
A detailed experimental characterization of these31 Chemin Joseph Aiguier
13402 Marseille Cedex 20 oligomeric intermediates is thus far very difficult, and
only limited data are available because the intermedi-France
2 De´partement de Physique and Regroupement ates are typically short lived and are present in a wide
range of conformations and degrees of aggregation. WeQue´be´cois sur les Mate´riaux de Pointe
Universite´ de Montre´al know, however, that these oligomers tend to be small.
Using photo-induced cross-linker, the oligomer size dis-C.P. 6128
Succursale Centre-ville, Montre´al, Que´bec tributions of aggregate-free, low molecular weight (LMW)
A1-40 and A1-42 could be assessed quantitatively (BitanCanada
3 Laboratoire de Biochimie The´orique et al., 2003). This experimental study revealed that LMW
A1-40 is a mixture of monomers, dimers, trimers, andUPR 9080 CNRS
Institut de Biologie Physico-Chimique and tetramers, in rapid equilibrium, while LMW A1-42 tends
to exist in larger pentamer/hexamer units. It is theseUniversite´ Paris
13 rue Pierre et Marie Curie structures that would self-assemble to form larger oligo-
mers (Bitan et al., 2003). We also have some limited75005 Paris
France information on the structure of the intermediates. Study-
ing the secondary structural changes of various A1-40
and A1-42 fragments during fibrillogenesis, Walsh et al.
and Kirkitadze et al. observed the formation of an oligo-Summary
meric intermediate containing 29%–32%  helix (Walsh
et al., 1997, 1999; Kirkitadze et al., 2001). It was not untilRecent studies suggest that both soluble oligomers
the  helix formation process had begun, as revealed byand insoluble fibrils have toxic effects in cell cultures,
circular dichroism, that fibrils were detected by electronraising the interest in determining the first steps of
microscopy. But, there is also experimental evidencethe assembly process. We have determined the aggre-
that helix stabilization may facilitate as well as inhibitgation mechanisms of A16-22 dimer using the activa-
fibril formation, depending on its strength (Fezoui andtion-relaxation technique and an approximate free en-
Teplow, 2002).ergy model. Consistent with the NMR solid-state
Recently, several structural models for Alzheimer’sanalysis, the dimer is predicted to prefer an antiparallel
-amyloid fibrils based on experimental constraints sheet structure with the expected registry of inter-
from solid state have been proposed. These studiesmolecular hydrogen bonds. The simulations, however,
showed that, in A10-35 (Benzinger et al., 2000) and A10-locate three other antiparallel minima with nonnative
40 (Petkova et al., 2002) fibrils, peptides form parallel  sheet registries and one parallel  sheet structure,
sheet structures. In this notation An-m indicates residuesslightly destabilized with respect to the ground state.
n and m of full-length -amyloid protein. In contrast,This result is significant because it can explain the
an antiparallel  sheet registry was found for smallerobserved dependency of  sheet registry on pH condi-
fragments such as A11-25 (Sikorski et al., 2003; Petkovations. We also find that assembly of A16-22 into dimers
et al., 2004), A34-42 (Lansbury et al., 1995), and A16-22follows multiple routes, but-helical intermediates are
(Balbach et al., 2000). Because of its simplicity, A16-22 ofnot obligatory. This indicates that destabilization of
sequence KLVFFAE is an attractive system for molecular-helical intermediates is unlikely to abolish oligomer-
modeling studies. Furthermore, A16-22 comprises theization of A peptides.
central hydrophobic core that is thought to be important
in full-length A assembly and contains four occurring
Introduction Alzheimer’s disease-causing mutations. They have been
termed Flemish (A21G), Dutch (E22Q), Italian (E22K), and
Past studies of the role of the amyloid -protein (A) in Artic (E22G) (Miravalle et al., 2000). A16-22 has also been
Alzheimer’s disease have linked the neurotoxicity of A investigated by molecular dynamics (MD) simulations
with its tendency to form amyloid fibrils (Selkoe, 1998). with explicit solvent. Ma and Nussinov studied the stabil-
However, accumulating evidence suggests some of the ity of octamer of A16-22 packed in different arrangements
important toxic species of A are soluble A oligomers by MD at 330 K in explicit solvent (Ma and Nussinov,
(early aggregates) (Walsh et al., 2002). This finding sup- 2002). They concluded that the antiparallel  sheet/par-
ports an important role for A oligomers in the etiology allel layer model (each layer consisting of four  strands)
of Alzheimer’s disease and thus make A oligomers is the most stable, but other supramolecular structures
attractive therapeutic targets (Wolfe, 2002). If effective may be correct. Although these simulations are impor-
tant in understanding the supramolecular organization
of the fibrils, they do not provide any information on*Correspondence: philippe.derreumaux@ibpc.fr
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Figure 1. Lowest Energy Structures of A16-22 in Monomeric and Dimeric Forms as Predicted by ART Simulations
(A) Native state of the monomer.
(B) Energy difference between the ground state of the monomer and its conformation within the dimeric optimized form.
(C) Ground state of the dimer, antiparallel in character and described by the 16  k ↔ 22  k  sheet registry. (D) Parallel  sheet structure.
(E–G) The three other antiparallel  sheet organisations: pattern II (E), pattern III (F), and pattern IV (G). In all figures, the N-terminal end in
each chain is located by a sphere.
the oligomerization process of the peptides. Klimov and ter antiparallel  sheet structure is the most stable struc-
ture for the A16-22 dimer, several hydrogen-bond pat-Thirumalai studied the folding of a trimer of A16-22 by
MD at 300 K using an all-atom model of the protein, an terns in both parallel and antiparallel orientations can exist.
From the generated trajectories, we can also identify multi-explicit solvent model and a bias to facilitate interactions
between the peptides (Klimov and Thirumalai, 2003). ple folding pathways which demonstrate, in particular, that
-helical intermediates are not obligatory.They found that the assembly of A16-22 trimer occurs by
multiple pathways with the formation of an obligatory
-helical intermediate. Results and Discussion
Because rapid equilibrium between monomers, di-
mers, and larger units has been found for A1-40 (Bitan A16-22 Monomer Is Random Coil in Solution
The solution structure of A16-22 remains to be deter-et al., 2003) and blocking the formation of dimers could
inhibit fibril formation, we have attempted recently to mined, but the structure of various peptides spanning
this fragment has been characterized experimentally.understand the folding mechanisms of A16-22 dimer us-
ing the activation relaxation technique (ART) (Barkema Monomeric forms of A10-35 (Zhang et al., 2000), A1-40,
and A1-42 (Zagorski et al., 2000) are essentially unstruc-and Mousseau, 1996; Mousseau et al., 2001) coupled
with OPEP, which provides for a detailed protein and tured in aqueous solution at neutral pH, while A1-28
(Talafous et al., 1994), A1-40, and A1-42 (Shao et al.,unbiased energy model (Derreumaux, 1999, 2000;
Forcellino and Derreumaux, 2001). These models are at 1999) adopt a predominantly -helical conformation in
a membrane-like environment. Massy et al. found thatvariance with previous on-lattice studies (Istrail et al.,
1999; Broglia et al., 1998) and off-lattice studies using the region 16–22 is essentially random coil (RC) in 4 ns
MD simulations of the wild-type and Dutch mutant formslow-resolution models and Go-type potentials (Ding et
al., 2002; Jang et al., 2004) aimed at understanding ag- of A10-35 in aqueous solution (Massi et al., 2002). Klimov
and Thirumalai found that the time-averaged popula-gregation in proteins. Preliminary results were pre-
sented in a short communication (Santini et al., 2003). tions of (RC,  strand, and  helix) residues in A16-22
monomers are (56%, 33%, and 11%) using 8 ns MDHere, we offer a detailed description of the aggregation
mechanisms starting from parallel  sheets. Further- trajectories and their specific definitions for assigning
conformational states to the residues (Klimov and Thiru-more, we present the results of new ART simulations
starting from antiparallel  helices and the results of MD malai, 2003). From our ART-generated trajectories we
find that the populations of (RC,  strand, and  helix)simulations.
These simulations show that even though the in-regis- residues are (77%, 18%, and 5%) using Klimov’s defini-
Folding Pathways of a -Amyloid Peptide Fragment
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Figure 2. Orientation of the Peptides
Variations of the orientation of the chains (d12) as a function of
accepted events in the ART runs R7 (A) and S8 (B).
tions and (96%, 2%, and 2%) using DSSP. The lowest
energy structure, compact, and random coil, generated
by all ART simulations is shown in Figure 1A. The energy
spectrum of the calculated conformational states in Fig-
ure 1B shows that the conformation of A16-22 monomer
within the dimeric optimized form (Figure 1C) is destabi-
lized by 9 kcal/mol (15 kT) with respect to its native
compact state. Our model is therefore consistent with
the conformational change of A and prion proteins
observed upon association.
A16-22 Can Adopt Different Hydrogen Bond
 Sheet Registries Figure 3. Comparison of the Parallel  Sheet Structures
ART search using OPEP indicates that the global energy
(A) Our ART-predicted structure with the charged residues pointing
minimum of the dimer matches exactly the solid-state to opposite directions above the plane formed by the sheets.
NMR model proposed by Balbach et al. at pH 7.4, namely (B) The parallel  sheet structure, as discussed in Balbach (Balbach
et al., 2000), with the K (and E) of both chains in close proximity.the pattern of H bonds depicted between layer II (middle)
(C) Rms deviations (in angstroms) of pattern I (dashed), our paralleland layer III (bottom) in figure 10 of (Balbach et al., 2000).
(dark gray), and Balbach’s (light gray) models from their minimizedThis conformation, obtained starting from antiparallel 
structures by 7 ns MD simulations at 330 K. The time-averagedhelices (event 5,759 in run S1) or parallel sheets (events
percentage of H bond formed is 79% (pattern I), 82% (our parallel
10,853 in R1, 2,594 in R6, and 6,467 in R9), is character- model), and 75% (Balbach’s model). Identical rms deviations and
ized by the 16  k ↔ 22  k  sheet registry and an percentages of H bonds are obtained for the patterns II, III, and IV
(data not shown).energy of 44.4 kcal/mol (Figure 1C). This pattern of H
bonds will be referred to as pattern I. A partially folded
pattern I of energy 43.3 kcal/mol is obtained in run R4
because the residues A21 and E22 are disordered in by the remaining 16 simulations can be clustered into
four distinct  sheets (Figures 1D–1G). Three  sheetsboth chains.
Surprisingly, the lowest energy structures generated are antiparallel. They are characterized by the 17 
Structure
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Figure 5. Four Aggregation Routes, P1–P4, Leading to the Native
Assembly of the Dimer, N2
The symbols U and N refer to the unfolded and native states of
either chains. A chain is considered native during folding if it deviates
by less than 2.0 A˚ from its conformation in the dimeric optimized
form.
ers I [top] and II [middle] in figure 10 of [Balbach et al.,
2000]); or they can be described by 16  k ↔ 21  k
(pattern III, energy of 42.4 kcal/mol, runs R2, R10, S5,
and S7, Figure 1F) and 16  k ↔ 20  k (pattern IV,
energy of 40.4 kcal/mol, run S3, Figure 1G).
In contrast, the fourth sheet is parallel and character-
ized by the 16  k ↔ 16  k  sheet registry (Figure
1D). This conformation, of energy 41.4 kcal/mol, is
explored many times, independently of the starting
structure. We find that in runs R5, R7, R8, and R11, the
chains easily escape from this state, but rarely explore
antiparallel  sheets; in runs S2, S6, and S8, the chains
pass from antiparallel  helices to parallel  sheets per-
manently or quasi-permanently (see Figure 2 for runs
R7 and S8) over the length of our simulations. We know,
however, that these runs would eventually reach the
pattern I if they were continued (Wei et al., 2003). Our
parallel  sheet structure differs from that considered
by Balbach et al. (Balbach et al., 2000) in two respects.
Our model contains seven H bonds versus six H bonds
in Balbach’s model. This is to be compared with eight
H bonds within pattern I and six H bonds within patterns
II, III, and IV. Furthermore, the charged residues Lys16
and Glu22 are on opposite sides of the  sheet in our
model and not in close proximity as in Balbach’s model
(Figures 3A–3B). All these models are stable in MD simu-
lations with water at 330 K, independently of the initial
velocities. In Figure 3C, we have selected to plot the
C rms deviation of three models from their mimimized
energy structures as a function of time. We see that the
Balbach’s model is less rigid than our parallel structure
and the pattern I, but all models are very stable within
the 7 ns timescale. We recognize that the degree of MD
sampling presented here is not sufficient to assess theFigure 4. Variation of Order Parameters in the Folding ART Simula-
stability of the models and that other fields can modifytion S1 Leading to Pattern I
the results. However, the results do not change when(A) Rms deviation from the ground state, Rg, and Rg-core, in ang-
extending the simulation of pattern I from 7 to 20 ns (datastroms; (B) number of native H bonds; (C) d12, and (D) energy in
kcal/mol. The structures at events 1000, 1650, and 2500 are shown. not shown), i.e., on a timescale feasible using current
For clarity, the results are given until the ground state is located at computer facilities, and the GROMOS force field has
event 5759. Only accepted events are shown. been extensively tested against experimental data (Be-
rendsen et al., 1995).
Taken together, our results suggest that several hy-k ↔ 21  k  sheet registry (pattern II, energy of 43.4
kcal/mol, Figure 1E, found at events 11,546 in run R3 drogen bond  sheet registries of similar energy are
available for the A16-22 dimer. This finding complementsand 7,484 in run S4, this H bond network follows exactly
the second derived NMR pattern depicted between lay- recent MD simulations of a trimer of the heptapeptide
Folding Pathways of a -Amyloid Peptide Fragment
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Figure 6. Detailed Aggregation Motions Leading to the Patterns I–IV
All the ART simulations starting from the parallel  structure (A) are denoted by R and pass through a perpendicular state. All the ART
simulations starting from the two parallel  helices (B) are denoted by S. One-way transition observed in our simulations is represented by a
single arrow, two-way transition by a double arrow. H bonds are represented by vertical double bars.
GNNQQNY from the yeast prion Sup35 which point to lel  helices (S1, S3–S5, S7, and S9) locate antiparallel
three minima associated with parallel, antiparallel, and  sheet structures of very low energy within the allotted
mixed parallel-antiparallel  sheet structures (Gsponer number of events. In what follows, the other runs, which
et al., 2003). essentially sample parallel  sheets, are left out of the
discussion.
The folding trajectory R1 was described in atomisticAtomic Assembly Trajectories
detail elsewhere (Santini et al., 2003). We have shownAmong a total of 21 runs, 8 runs from parallel  sheets
that both chains rapidly loose their nonnative H bonds,(R1–R4, R6, R9, R10, and R12), and 6 runs from antiparal-
then rotate in respect to one another through a perpen-
dicular registry with one chain partially unfolded and the
Table 1. Detailed Mechanisms between the Four Observed other fully extended, and finally adopt the antiparallel
Antiparallel  Sheet Registries pattern I by progressive zipping of the H bonds. Here,
we select to describe first the folding simulation S1Transition Motion Simulation
starting from two antiparallel  helices and then theI → II Rot2 S4, R1
general routes by which the two chains assembly toI → III Rot1  Rep1 R12
their lowest energy states.I → IV Rep2 R6, R9, R10, S1, S3, S5
II → III Rot1  Rep1 S7, S9 Figure 4 shows the variation of several order parame-
II → IV Rot2  Rep2 ND ters in the folding simulation S1. During the first 1000
III → IV Rot1  Rep1 S3, S5, R2, R10 events, both chains remain helical but progressively ro-
Rot1: rotation of one chain. This always comes with a reptation by tate in respect to one another (Figure 4C). Then the
1 residue. Rot2: rotation of both chains. RepX: reptation of one chains, parallel in character, unfold and adopt U-like
strand by X residues.
conformations (see event 1650 in Figure 4C). In this first
Structure
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Figure 7. Schematic Representations of the ART-Generated Mechanisms between the Antiparallel Patterns
Patterns I and III (run R12), patterns II and III (runs S7 and S9), and patterns III and IV (runs R2, R10, S3, and S5) can exchange through the
rotation of one chain, followed by the reptation of one strand by one residue. The I → III transition is represented in (A). A reptation move of
one strand by two residues allows the chains to exchange patterns I and IV (runs R6, R9, R10, S1, S3, and S5). The I → IV transition is
represented in (B). Patterns I and II (run S4) interchange by rotating both chains (C).
phase, the rms deviation with respect to the ground al., 2001). Our preferred pathway for assembly occurring
directly from one of the chains folded agrees with thestate, Rg, and Rg-core do not vary much (Figure 4A).
At event 1700, four native H bonds form (Figure 4B). general concept that protein aggregation arises from
partially folded intermediates (Kelly, 1996; Chiti et al.,From this core of H bonds, one chain extends, whereas
the other remains U-like (see cooperative decrease in 1999). On the other hand, assembly from random coils
(pathway II) is supported by experimental studies on thermsd and Rg-core and increase in Rg around event
2500). The conformation at event 2500, shown in Figure two-state U1A and CI2 folders (Silow et al., 1999) and
myoglobin (Fandrich et al., 2003).4C, is characterized by the N-terminal of chain 1 and
the C-terminal of chain 2 antiparallel, but the N-terminal
of both chains parallel. From there, the chains find a H Bonds Provide Evidence for Very Complex
Aggregation Routesway to locate the ground state at event 5759. It is inter-
esting to note that the structure at event 2500 is explored, An important aspect that emerges from our simulations
is that folding proceeds through multiple very complexindependently of the starting conformation. It is encoun-
tered (within 1.0 A˚ rms deviation) in runs R1 and S4. routes as indicated by the various networks of H bonds
explored. Figure 6 summarizes all the folding routesBy following the rms deviation of each chain with
respect to its conformation within the dimeric optimized starting from parallel  sheets or antiparallel  helices.
Consistent with the solid-state NMR analysis, the pat-form for each individual folding trajectory, we find that
there are four routes leading to the antiparallel  sheets terns I and II of H bonds are highly populated, but the
patterns III and IV have to be taken into account. Inter-(Figure 5). In pathway I, both chains unfold (U); then,
one of the chains adopts its native state (N), whereas estingly, none of these patterns represent a dead end
in our simulations. For instance, in run S4, the dimerthe other remains unfolded (U); subsequently, the native
assembly occurs (N2). In pathway II, the native assembly explores transient conformations of pattern I-type be-
fore reaching the pattern II; in run R9, the dimer samplesof the dimer occurs directly from both chains unfolded,
whereas in pathway III it occurs from one chain in its the pattern IV before reaching the pattern I; in run S4,
the dimer momentarily explores the pattern I and thennative state and the other unfolded. Finally, in pathway
IV, native assembly occurs from both chains in their switches to the pattern II. The molecular mechanisms
propagating the conformational changes between thenative states. All these routes are not equiprobable.
Pathway I is observed in 7/14 of the runs (R1, R2, R4, various patterns of H bonds are listed in Table 1 and
are described in atomistic detail in Figure 7. These con-S1, S3, S5, and S9), pathway III in 4/14 (R3, R10, S4,
and S7), pathway IV in 2/14 (R6 and R9), and pathway formational changes can involve a rotation of one chain
(Rot1) or both chains (Rot2) by 180 around their strandII in 1/14 (R12). Overall, our simulations are consistent
with previous Monte Carlo simulations using on-lattice axes, a reptation move (Wei et al., 2003) of one strand
of the  sheet with respect to the other (RepX where Xprotein models (Dima and Thirumalai, 2002; Harrison et
Folding Pathways of a -Amyloid Peptide Fragment
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runs R2, R9, and S4. We see that the exchange between
the patterns III and IV takes 34 events in run R2 (Figure
8B) but 1052 events in run R10. The patterns I and II
interchange within 1350 events in run S4 (Figure 8A)
versus 7100 events in run R1. The change between the
patterns IV and I takes 620 and 800 events in runs R9
(Figure 8C) and R6, respectively. The barrier height to
go from one pattern to another without any bias (defined
here by the difference between the highest energy mini-
mum and the energy of one pattern during the transition)
is20 kcal/mol, independently of the patterns involved.
We recognize that these energy barriers likely are much
smaller using the all-atom model and explicit solvent as
discussed in Experimental Procedures.
Nonhelical Conformations Are Possible
Intermediates
Using circular dichroism and electron microscopy, Kirki-
tadze et al. (Kirkitadze et al., 2001) and Walsh and co-
workers (Walsh et al., 1997, 1999) have identified an 
helix-containing intermediate prior to the formation of
 sheet-rich assembly of A1-40, A1-42, and several vari-
ants. Based on MD simulations of A16-22 trimer at 300
K, Klimov and Thirumalai have proposed recently that
the antiparallel  sheet could occur by multiple path-
ways with the formation of an obligatory -helical inter-
mediate (Klimov and Thirumalai, 2003). But another in-
terpretation is also possible: for instance, a mechanism
involving rapid equilibrium between these -rich oligo-
mers incapable of maturing into fibrils and smaller A
oligomers or A monomers which could form fibrils
through an alternative pathway (Kirkitadze et al., 2001).
In order to detect whether  helix conformations occur
prior to optimal assembly of the sheets, we have fol-
lowed the secondary structure composition of the
chains as a function of events using both Klimov’s defini-
tions and the DSSP program (Figure 9). Our 14 (8 R 
6 S) folding simulations clearly show that the occurrence
of a helical intermediate is not an obligatory step for
Figure 8. Evolution of H Bonds
A16-22 dimer using the DSSP program. Starting fromNumber of H bonds satisfying patterns I–IV in ART runs S4 (A), R2
parallel  sheets, intermediates containing 30% helix(B), and R9 (C) as a function of accepted event numbers. Pattern I,
are observed in runs R1, R2, R4, R10, and R12, but notblack; pattern II, red; pattern III, green; and pattern IV, blue.
in runs R3, R6, and R9. On the other hand, starting from
antiparallel  helices, helical intermediates are detected
in runs S1, S3, S5, S7, and S9, but not in S4. In therepresents the number of residues shifted) or a combina-
tion of these two mechanisms. Specifically, we find that analysis starting from helices, we consider a helical in-
termediate if it occurs after 1000 accepted events. It isthe dimer can exchange the patterns I and II (runs R1
and S4) by a Rot2 mechanism (Figure 7C). Transitions interesting to note that by using Klimov’s, definitions
helical intermediates are detected in R3 between eventsbetween the patterns I and III (run R12), the patterns II
and III (runs S7 and S9), and the patterns III and IV (runs 4000 and 6000 (Figure 9B), in R6 around events 1000
(9C), and in R9, but not in S4.R2, R10, S3, and S5) occur by a combined Rot1Rep1
mechanism (Figure 7A). Finally, the Rep2 mechanism, Atomic analysis of the helical intermediates shows
that the helix can be found in either chain with a strongwhich allows the exchange between the patterns II and
IV (Figure 7B) and does not need rotation of the chains, preference for encompassing residues VFF. For in-
stance, in run R1, the intermediate between events 3400is easily explored. It is encountered in runs R6, R9, R10,
S1, S3, and S5. We note that the transition between the and 3660 has a  helix spanning residues LVFF in chain
2 (Figure 9A), and the intermediate between events 5,790patterns II and IV by a combined Rot2Rep2 mechanism
is not observed in this study, but this could not be totally and 5,820 has a  helix spanning residues VFFA in chain
1. In contrast, helix spans residues VFFA in chain 2excluded if we had run 100 runs.
The transitions between the patterns can be fast or (events 3,860 in R2; 1,441 in S1; and 2,576 in S9), resi-
dues LVFF in chain 1 (events 2,722–2,741 in run S3;slow. Figure 8 shows the number of H bonds satisfying
each pattern as a function of accepted events in the event 607 in run S4), or residues VFFA in chain 1 (events
Structure
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et al., 2000). The folding trajectories were obtained by the activation-6,746 in R4; 3,586 in R10; 10,099 in R12; 2,274 in S5;
relaxation technique (ART nouveau [Mousseau et al., 2001]) usingand 1,428 in S7). We did not find evidence of structural
the OPEP energy model (Derreumaux, 1999, 2000; Forcellino andsimilarity between these intermediates, all structures
Derreumaux, 2001). The all-atom MD simulations were not used to
deviating by more than 3.0 A˚ rms from each other. fold the two monomers, but rather to test the stability of some ART-
predicted configurations in explicit solvent.
Conclusions
The present study has attempted to determine the fold-
ART-OPEP Simulations
ing pathways for A16-22 assembly into a dimer. Our anal- A complete description of the ART-OPEP procedure has been given
ysis is based on ART simulations starting from parallel elsewhere (Santini et al., 2003; Wei et al., 2002, 2003). In brief, the
protein model uses a simplified chain representation with all back- sheets and antiparallel  helices, but identical results
bone atoms included (i.e., N, H, C, C, and O) and all side chainsare obtained from arbitrarily chosen conformations (data
modeled by a bead with an appropriate van der Waals radius andnot shown). These simulations are free of any biases
geometry. The OPEP (optimized potential for efficient peptide-struc-to facilitate interactions between the chains and use a
ture prediction) energy model (version 1.3) is expressed as a function
generic energy model which was found to work well on of three types of interactions: terms to satisfy stereochemistry, pair-
small proteins adopting various secondary structures in wise contact potential between main chain particles, side chain-
main chain and side chains (considering all 20 amino acid types), andtheir optimized monomeric forms. Additional MD simula-
backbone two-body and four-body hydrogen bonding interactionstions with an all-atom representation of the peptides
(Santini et al., 2003; Wei et al., 2002).are also performed to verify the stability of the ART-
A basic ART event consists of four steps. Starting from a minimum,predicted conformations of low energy in solvent on the
the system is pushed outside the harmonic well until a negative
nanosecond timescale. eigenvalue appears in the Hessian matrix. The system is then pushed
Although the structure in A16-22 fibrils from solid-state along the eigenvector associated with the negative eigenvalue until
the total force is close to zero, indicating a saddle point. The firstNMR at pH 7.4 (Balbach et al., 2000) depends on the
two steps constitute the activation phase. Subsequently, the config-intrasheet and intersheet molecular interactions, it is
uration is pushed slightly over the saddle point and is relaxed to ainteresting that the lowest energy structure of the dimer
new local minimum, using standard minimization technique. Finally,in ART-OPEP simulations is antiparallel in character with
the new configuration is accepted/rejected using the Metropolis
the NMR 16  k ↔ 22  k  sheet registry. Hovever, criterion at the desired temperature. This four-step procedure was
the simulations also locate three alternative antiparallel repeated 18,000 events for each simulation. It is important to note
that since ART events bring a conformation from a fully relaxedorganizations with different  sheet registries and one
state to another relaxed state, going through an activation barrier,parallel  sheet assembly, slightly destabilized relative
the Metropolis temperature cannot be directly associated with theto the ground state. This result is significant because
real temperature. In particular, ART neglects totally the vibrationalit helps clarify the variation of  sheet registry on pH
contributions to the free energy of the oligomers. This constitutes
conditions (Petkova et al., 2004) and amino acid compo- one major advantage for ART: it is possible to use a higher tempera-
sitions (Tjernberg et al., 2002). In addition to finding ture than in MD, for example, while still sampling the lowest energy
conformations. Moreover, since the moves in ART simulations arethese low-energy minima, our simulations also describe
defined directly in the energy landscape, the barriers crossed arethe molecular mechanisms propagating these confor-
defined by the problem, increasing considerably the sampling effi-mational changes and emphasize the crucial role of the
ciency of ART with respect to MD simulations.reptation move of one strand of the  sheet with respect
In this work, we have performed 21 ART simulations of the dimer
to the other. Again, this is consistent with very recent using OPEP: 12 start from parallel  sheets (R1–R12) and 9 start from
isotope-edited infrared spectroscopy on the protein antiparallel  helices (S1–S9). Starting from a low-energy parallel 
sheet allows us to verify that our procedure samples the configura-prion fragment spanning residues 109–122, which points
tional space appropriately. Furthermore, this organization is knownto the reptation move of the central strand within a trimer
to be preferred for larger A fragments. The second starting point(Silva et al., 2003). Finally, this study makes it clear that
with two  helices is reminiscent of the topological change thatmultiple aggregation routes are possible, but -helical
occurs in prion proteins (Prusiner, 1997). All runs starting from the
conformations are not obligatory intermediates for the same configuration use different random-number seeds and are
dimer. It is possible that a minimum A length is free of any biases to facilitate interactions between the peptides.
This contrasts with the simulations reported by Klimov and Thiruma-needed—there is no available circular dichroism study
lai (Klimov and Thirumalai, 2003). In most simulations, the Metropolisfor A16-22 as for A1-40 (Kirkitadze et al., 2001)—or that
temperature is set to 1000 K because the parallel  sheet is onlya minimum oligomeric size (trimeric or larger) is needed
destabilized by 3 kcal/mol with respect to the antiparallel  sheet.for the chains to gain stability by forming  helices. ART
We emphasize that at this temperature, the dimer is not stable and
simulations of A16-22 in trimeric and hexameric forms continues to evolve on the conformational space. Finally, three runs
are underway to address these issues and provide us were also carried out on the monomer to determine its equilibrium
conformations at TMetropolis  300 K starting from fully extended con-with a more complete folding picture for fibril formation.
formations.
OPEP was found recently to discriminate native from false positiveExperimental Procedures
conformations for a series of peptides in monomeric forms (Derreu-
maux, 1999, 2000; Forcellino and Derreumaux, 2001). BecauseThe N and C termini of each chain were neutralized using acetyl
and amine groups, respectively, as done experimentally (Balbach OPEP is an approximate free energy model, we know that several
Figure 9. Evolution of Secondary Structure
Secondary structures as a function of accepted events during the folding ART simulations R1 (A), R3 (B), R6(C), S1(D), S5 (E), and S9 (F).
They are obtained using Klimov’s rules for the five inner residues (L17, V18, F19, F20, and A21) (top panel). Blue indicates random coil, green
 strand, and red  helix. Or they are obtained using the DSSP program (bottom panel) and the percentages of  sheet (green) and  helix
(red) are given. For clarity, the results are shown until the ground state is located.
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In spite of these limitations, we have found that the ART-generated
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